adaptive responses occur is unclear. Lawrence et al. (1978) and Mehlert & Diplock (1985) reported that the activity of GSHT was increased in vitamin E and Se deficiency. Vitamin E deficiency was shown to induce the activities of G R and G6PDH by Chow et al. (1973) . However, other studies have shown no adaptive changes in these enzymes in the tissues of humans with low Se status (Thomson et al. 1988) , of vitamin E-deficient rats (Masugi & Nakamura, 1976 ) and of vitamin E-and Se-deficient ducklings (Xu & Diplock, 1983) .
The present study was undertaken to determine if calves could up-regulate the activity of any of these antioxidant enzymes as an adaptive response to subclinical NDM caused by experimentally-induced vitamin E and Se deficiency. In addition, tissue lipid peroxidation was assessed by measuring concentrations of malondialdehyde using the test for thiobarbituric acid-reactive substances (TBARS). Lipid hydroperoxides in the presence of Fe or ascorbic acid will react to produce malondialdehyde. Thus, ascorbate-induced TBARS (ATBARS) was also measured to provide an estimate of the peroxidizability of tissue lipids.
M A T E R I A L S A N D METHODS

Basal diet
Barley (1 tonne batches), purchased from a local supplier, was mixed with soya-bean meal (1 14 kg; Dalgety Ltd, Belfast, Northern Ireland). The mixture was treated with 9.25 mol NaOH/l as described by Orskov & Greenhalgh (1977) , using a purpose-built applicator (Berwyn Engineering, Chippenham, Wilts.) . This treatment reduces the vitamin E content of the mixture (McMurray et al. 1980) . This mixture was aerated by daily mixing for at least 10 d before the addition of a mineral-vitamin premix purchased from Nutrition Services International (Randalstown, Northern Ireland) which did not contain either vitamin E or Se. The a-tocopherol and Se concentrations in the basal diet used in the present study were 4.9 and 0.44 nmol/g respectively. The composition of the basal diet is shown in Table 1 . Na,SeO, (Koch-Light, Haberhill) and DL-a-tocopheryl acetate (500 mg/g ; F. HoffmannLa Roche & Co., Basel, Switzerland) were added to the basal diet in the amounts indicated in Table 1 to produce four complete diets as described below.
Animal studies
The study was designed as a 2 x 2 factorial experiment, the first factor being the feeding of a-tocopherol and the second factor the feeding of Se. Level 1 of each factor corresponded to diets supplemented with these micronutrients and level 2 to diets deficient in these micronutrients. For the testing of main effects the null hypothesis was that there was no difference in the levels of factors.
Sixteen 7-month-old Friesian crossbred calves were randomly allocated to four equal groups. Calves in group A were fed on the basal diet deficient in both Se and a-tocopherol, calves in group B were fed on the basal diet supplemented with Se, calves in group C were fed on the basal diet supplemented with a-tocopherol, and calves in group D were fed on the basal diet supplemented with both micronutrients.
Each group was loose-housed in separate solid-floored houses bedded with straw. All calves were group-fed with approximately 3.5 kg diet/calf per d, according to appetite. Water was available ad lib. and a small amount of straw was fed daily in order to minimize the risk of ruminal tympany and other digestive upsets. Blood was collected by jugular venepuncture at approximately monthly intervals. After 50 weeks the animals were killed by an intravenous injection of pentobarbitone sodium, necropsied and tissue samples collected and stored at -70" before analysis. Analytical techniques Plasma, tissue and dietary a-tocopherol concentrations were determined by HPLC with fluorescence detection (McMurray & Blanchflower, 1979) . Tissue and dietary Se concentrations were determined by atomic absorption spectroscopy using a Varian spectra AAlO (Varian Techtron, Pty Ltd, Mulgrave, Australia) complete with an automatic vapour generation accessory (VGA-76), essentially as described by Gelman (1 985).
Whole-blood GPX activities and plasma CK activities were determined at 37" on an Hitachi 705 Autoanalyser (Hitachi, Tokyo, Japan) using test kits (Ransel and CK-NAC respectively) supplied by Randox Laboratories, Crumlin, Northern Ireland.
A single tissue homogenate (300 g/l) was prepared and used for the assay of all of the enzymes studied. Tissue, kept on ice, was homogenized using a Silverson emulsifier at full speed for 1 min in sodium phosphate buffer (0.01 mol/l), pH 7.0. The mixture was further disrupted with 20 strokes of a Dounce homogenizer. The resulting homogenate was then centrifuged at lOOOOOg,, at 4" for 40 min. Portions of the clear supernatant fraction were frozen at -20" until required for assay.
Tissue GPX activity was assayed as described previously. G6PDH, GSHT, G R and catalase activities were measured by the methods of Kornberg et al. (1955) , Habig et al. (1974 ), Carlberg & Mannervik (1975 and Johansson & Hakan Borg (1988) respectively. Protein concentrations were estimated by the method of Lowry et al. (1951) and enzyme activities were expressed as IU per g soluble protein.
SOD concentrations were determined on the Hitachi 705 analyser using a Ransod test kit (Randox Laboratories). To permit the determination of SOD concentrations in tissue homogenates the assay was modified by the substitution of 10 p1 tissue homogenate, diluted 1 : 10 (v/v) with sodium phosphate buffer (0.01 mol/l), pH 7.0 for the erythrocyte lysate. Results were expressed as mg total SOD per g soluble protein.
Tissue concentrations of TBARS were determined as described by Ohkawa et al. (1979) and ATBARS by the method of Meydani et al. (1988) and results expressed as mmol malondialdehyde (MDA) equivalents per g soluble protein.
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Statistical analysis
A balanced factorial analysis of variance was used to assess the effects of feeding diets low in vitamin E and Se. Data are presented as means with their pooled standard errors, in accordance with the factorial design of the present experiment. Values of plasma CK activity were subjected to logarithmic transformation before analysis.
R E S U L T S
Plasma a-tocopherol concentrations
At the start of the experiment the mean plasma a-tocopherol concentration in all groups was 2.2 (SE 0.8) pmol/l. Plasma a-tocopherol concentrations in calves fed on diets supplemented with a-tocopherol increased steadily, reaching a plateau of between 10 and 15 pmol/l ( Fig. 1 (a) ). Plasma a-tocopherol concentrations in calves fed on diets low in vitamin E fell below 2 pmol/l from week 4 until the end of the experiment. These calves had lower plasma concentrations of a-tocopherol than calves fed on diets supplemented with a-tocopherol from week 8 to the end of the experiment ( P < 0.002).
Erythrocyte glutathione peroxidase activity
At the start of the experiment the mean erythrocyte GPX activity in all groups was 178 (SE 13) IU/g haemoglobin. Erythrocyte GPX activity in calves fed on diets supplemented with Se increased steadily, reaching a plateau of between 250 and 320 IU/g haemoglobin ( Fig. 1 (b) ). Erythrocyte GPX activity in calves fed on diets low in Se fell steadily. From week 20 until the end of the experiment, the mean erythrocyte GPX activities in these calves were significantly lower than those in Se-supplemented calves (P < 0.05), and fell to a level of 55 (SE 7) IU/g haemoglobin at week 50.
Plasma creatine kinase activity
Calves fed on diets supplemented with a-tocopherol had plasma CK activities within the normal range (CL250 IU/l) at all times during the study. Feeding diets depleted of Se had no effect on plasma CK activity. However, calves fed on diets depleted of vitamin E had plasma CK activities which were higher than the upper limit of normality and which were significantly higher than those of calves fed on diets supplemented with a-tocopherol, from week 44 until the end of the experiment at week 50 ( P < 0.001, Fig. 2 ). The spike in plasma CK activity in group A at 12 weeks was caused by a high plasma CK activity in only one animal.
Clinical signs All animals remained clinically normal during the course of the present study.
Tissue a-tocopherol and Se concentrations
Calves fed on diets depleted of vitamin E had lower muscle concentrations of a-tocopherol than those fed on diets supplemented with a-tocopherol ( Table 2 ) . Feeding diets low in Se had no effect on tissue a-tocopherol concentrations, nor was there any interaction between factors. Similarly, calves fed on diets depleted of Se had lower tissue concentrations of Se than those of calves fed on diets supplemented with Se (Table 2) . Furthermore, feeding diets low in a-tocopherol had no effect on tissue Se concentrations, nor was there any interaction between factors.
Muscle indices of lipid peroxidation Feeding calves on diets depleted of a-tocopherol resulted in increased concentrations of both TBARs and ATBARS in muscle (Table 2) . Feeding calves on diets depleted of Se had no effect on either index of lipid peroxidation. With the exception of TBARS concentrations Table 1 and pp. 622-623.
in heart, there was no interaction between factors. Superimposition of Se depletion on atocopherol depletion increased the TBARS concentration in heart from 0.33 to 0.44 ,umol/g soluble protein (P < 0.01).
Muscle an tioxidun t enzyme activities Feeding diets low in Se decreased GPX activities in all muscles studied whereas feeding diets low in a-tocopherol had no effect on tissue GPX activities ( Table 3) . Feeding diets low in Se increased G6PDH activity in heart, biceps and supraspinatus, but not in masseter. Similarly, feeding diets low in a-tocopherol increased G6PDH activity in heart, biceps and supraspinatus, but not in masseter. There was no interaction between feeding diets low in Se and diets low in a-tocopherol. No other changes in antioxidant enzyme activity were observed.
D I S C U S S I O N
Feeding diets depleted of a-tocopherol reduced plasma concentrations of a-tocopherol ( Fig. 1 (a) ) to levels below the lower limit of normality used at this laboratory (2-3 pmolll). There are few reports describing the tissue concentrations of a-tocopherol in calves with experimentally-induced subclinical nutritional myopathy. However, those presented in the present study (Table 2) were similar to those previously associated with the development of subclinical myopathy (Rice & McMurray, 1986; Kennedy et al. 1987) .
Feeding diets depleted of Se reduced erythrocyte GPX activity ( Fig. 1 (b) ) to levels similar to the lower limit of normality used at this laboratory (approximately 45 IU/g haemoglobin). However, since erythrocyte GPX activity depends on the half-life of the erythrocyte, it does not accurately reflect the current Se status of tissues during a period of Se depletion. An earlier report from this laboratory demonstrated that even higher activities of erythrocyte GPX (1 16 IU/g haemoglobin) were associated with subclinical myopathy in calves (Kennedy et al. 1987) . There are few reports describing the tissue Se concentrations in calves with subclinical myopathy. However, the tissue Se concentrations (Table 2) were significantly lower in the animals fed on the Se-depleted diets and were similar to those previously associated with the development of subclinical myopathy (Rice & McMurray, 1986; Kennedy et al. 1987) .
The presence of subclinical myopathy was confirmed in calves fed on diets depleted of a-tocopherol by the demonstration of significant elevations in plasma CK activity. Feeding diets depleted of vitamin E and diets depleted of Se produced increases in the activity of G6PDH in heart, biceps and supraspinatus. The activity of this enzyme in masseter was unchanged. An earlier report from this laboratory showed that feeding diets depleted of Se to calves for 21 weeks had no effect on tissue G6PDH activity (Walsh et al. 1991) , but showed broadly similar effects of feeding diets depleted of a-tocopherol. The difference between the two studies is probably accounted for by the difference in the length of the two experiments; 28 weeks in the earlier study and 50 weeks in the present study.
We have shown (Walsh et al. 1992 ) that calves fed on diets depleted of a-tocopherol have elevated tissue concentrations of 4-hydroxynonenal, one of the most toxic endproducts of lipid peroxidation (Esterbauer et at. 1991) . Removal and detoxification of 4-hydroxynonenal occurs by conjugation with GSH, a reaction catalysed by GSHT (Alin et al. 1985) . The conversion of glucose-6-phosphate to ~-glucono-S-lactone-6-phosphate by G6PDH is the major metabolic source of NADPH, which is required for the maintenance of intracellular GSH concentrations. Thus, the increased activity of G6PDH in calves depleted of a-tocopherol, reported in the present study, may represent an attempt to maintain the intracellular GSH concentrations required for the effective removal of 4-hydroxynonenal.
The activities of the other antioxidant enzymes (GR, GSHT, SOD and catalase) were unaffected by feeding diets depleted of either vitamin E or Se. This finding is in agreement with similar studies in ducklings (Xu & Diplock, 1983 ) and rats (Masugi & Nakamura, 1976) but disagrees with the results of other studies in rats (Chow et al. 1973; Lawrence et al. 1978) .
In conclusion, we have shown that cattle do not respond to a peroxidative challenge, caused by vitamin E and Se deficiency, by increasing the activity of a wide range of antioxidant enzymes. The activity of only one enzyme, G6PDH, was increased in heart, biceps and supraspinatus of animals depleted of vitamin E and/or Se. It is possible that G6PDH activity was up-regulated to meet a probably increased tissue requirement for GSH which accompanies a peroxidative challenge.
The DL-a-tocopheryl acetate was a kind gift from F. Hoffmann-La Roche & Co., Basel, Switzerland.
